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ABSTRACT. Development of a  two-level system of a i r  t r a f f i c  
control  which avoids c o n f l i c t s  between a i r c r a f t  on t h e  runway 
and i n  f l i g h t ,  and which minimized deviat ions from t h e  pre- 
sc r ibed  landing times. The problem of avoiding c o n f l i c t  bet- 
ween a i r c r a f t  during f l i g h t  is reduced t o  making a complex 
decision with allowance f o r  severa l  opt imal i ty  c r i t e r i a  and 
f o r  a  l imi ted  number of control  inputs.  An algorithm f o r  
s e l e c t i n g  t h e  control  parameter on t h e  b a s i s  of compromises 
is proposed. A70-25603 

Select ion of opt imal i ty  c r i t e r i a  and statement of t h e  problem 

An automatic operat ional  f l i g h t  control  system f o r  a  set of a i r c r a f t  i n  some 

control  zone should provide t h e  so lu t ions  t o  t h e  following bas ic  problems. The 

f i r s t  of these  involves t h e  determination of t h e  sequence and prescribed landing 

o r  takeoff  t i m e s  f o r  t h e  a i r c r a f t ,  with t h e  requirement t h a t  no c o n f l i c t s  occur 

on the  runway taken i n t o  consideration. The second involves conf l ic t - f ree  

t r a f f i c  on the  airways. The el imination of c o n f l i c t  means t h e  exerc ise  of con- 

t r o l  such t h a t  t h e r e  w i l l  be no fu tu re  c o n f l i c t s  with o ther  a i r c r a f t ,  t h a t  

deviat ions from prescribed landing t i m e s ,  o r  from planned zone departure t i m e s ,  

w i l l  be minimized, and t h a t  control  cos t s  w i l l  be minimized. 

These c r i t e r i a  a r e  governed by the  following object ive  functions. 

The number of c o n f l i c t  s i t u a t i o n s  - by t h e  number of unsa t i s f i ed  inequali-  

t i e s  : 

(1)  f o r  a i r c r a f t  f ly ing  on p a r a l l e l  courses 

where 
a 

a r e  t h e  a l t i t u d e s  of t h e  overtaking points  a and f o r  t h e  ho, hog 

a i r c r a f t  ; 

* Numbers i n  t h e  margin ind ica te  pagination i n  t h e  foreign t e x t .  



a a are the flight times for the a& aircraft for the beginning and 
ti' ti+l 

end of the common section of the track on which the overtaking, 

or the rendezvous, will occur; 

Ah is the minimum permissible altitude between the aircraft; 

(2) for aircraft flying on intersecting courses 

[I hyf' - ill I Ah] A [(tl"' - tl) < .r] \,! 
V [(tl*' - tl) > 21 A [I h?" -hlI < Ah], 

where 

T is the minimally permissible time interval for aircraft closing; 

tY is the time the aircraft with priority flies through the la point. 
1 

The criterion that takes into consideration deviation from prescribed 

landing or zone departure time is determined by the objective function 

ft (I() = I tS ( 1 0  - t P  [, 

where 

ta is the prescribed landing thme for landing aircraft, or the time of 

departure from the control zone for aircraft that are taking off, 

or flying through. 

The criterion that takes control cost into consideration is in the form 

f{ = Quf (uf U), 

where 

up is the j& form of the controlling parameter for the am aircraft; 
j 

8P is the weight of the j& controlling parameter; 
j 
U is a set of controlling parameters. 

As has been shown in [2], a system for the automatic operational control 

of the flights of a set of aircraft in a control zone is a system with a clearly 

defined, closed hierarchical structure with two hierarchical levels. The first 

level consists of the local subsystems, the individual aircraft with no direct 

links with each other. Each of the local subsystems (individual aircraft) has 

optimality criteria, the objective functions of which are determined by Eqs. 

1 - ( 4 ) .  The local subsystems are combined by introducing global optimality 

criteria for the second hierarchical level (airdrome control zone). The global 



criteria for the second hierarchical level are determined by the objective 

functions, F, and these depend on the sum of the individual objective functions 

for the subsystems. 

Verification of the inequalities at (1) and (2) for the entire set of air- 

craft in a zone will determine the total number of conflict situations. The 

second level problem is one of controlling the flights of the aircraft in the 

zone so as to minimize the total number of conflict situations, and this is the 

optimality criterion for the second level. 

The second criterion for the second level, and one that gives consideration 

to the deviation from prescribed times for landing, or for departing the control 

zone, can be established by the objective function 

Finally, the third second level criterion, the one that takes control cost 

into consideration, can be established through the expression 

F ,  = 2 (ur U).  
a 

The sums for these criteria are taken for the entire set of aircraft making 

up the conflict group. 

Thus, the presence of several criteria for some set of types of controlling 

parameters establishes the problem of air traffic control as a problem of 

arriving at a complex decision for objects with a hierarchical structure [l]. 

Preference is given to the importance of F > F and F for the first 
1 2 3 /38 - 

criterion, with F anf F considered as being of equal value. F must attain 
2 3 1 

the absolute optimum, that is, the number of conflicts should equal zero, for 

the criterion. Since control can be exercised by different types of controlling 

parameters when there is a conflict, the solution to the problem in terms of the 

first criterion will be found for some set of values for the controlling para- 

meters. Then we find one of the set of controlling parameters that best 

corresponds to the remaining two criteria, F and F that is, we find a com- 
2 3 ;  

promise controlling action. 



Let us consider t h e  problem of automatically control l ing  t h e  f l i g h t s  of a  

s e t  of a i r c r a f t  i n  some control  zone. For s impl ic i ty  i n  what is t o  fol low we 

w i l l  consider only t h e  a r r i v i n g  a i r c r a f t ,  because t h e  control  algorithm f o r  

those taking off  is s imi la r .  

Let the re  be N-1 a i r c r a f t  i n  a zone. Let us designate t h i s  s e t  of  a i r c r a f t  

a s ' s  = ( s i }  (a, i I = 11. . . . , N - I] ) .  The superscr ip t  ind ica tes  t h e  sequence i n  

which t h e  a i r c r a f t  w i l l  appear i n  t h e  control  zone, and t h e  subscr ip t  t h e  landing 

sequence. There is, i n  t h e  zone indicated ,  a  network of t r acks ,  t h e  pos i t ions  

of which w i l l  not change with respect  t o  t i m e ,  and which is f ixed by an ordered 

set of control  po in t s  

MP = (m,, m,, . . . , n$, . . . , m;), p -- 1, 2, . ... , P, 
-. 

where t h e  supersc r ip t ,  p ,  is t h e  t r a c k  number, and t h e  subscr ip t  is t h e  number 

of t h e  control  point .  The index 0 corresponds t o  t h e  runway, 1 t o  the  g l ide  

path po in t ,  and k t o  t h e  control  point  f o r  t h e  pfh track.  We s h a l l  designate t h e  

groups of a i r c r a f t  f l y i n g  one t r a c k  by S (where p ind ica tes  t h e  group belongs 
P P 

t o  t h e  p@ t r a c k )  and u S-=S. W e  w i l l  t ake  it t h a t  t h e  sequence, and t h e  
p= 1 l' 

prescribed landing t i m e s  have been es tabl ished f o r  a l l  t h e  a i r c r a f t  of s e t  S. 

This w i l l  enable us  t o  e s t a b l i s h  t h e  precribed t i m e  and a l t i t u d e s  f o r  the  control  

points  along t r a c k  M' f o r  t h e  a i r c r a f t  i n  s e t  S 
a P cr". .- ( t t ,  . . . , td, . . . , t;), 

a i 
where t is t h e  prescribed f l i g h t  t i m e  f o r  a i r c r a f t  S with scheduled landing 

i ,-., a 
a m . @  f o r  a  point  on t h e  pfh t rack.  The sense of hU is s imi lar .  Let us assume 

1 i 
t h a t  the  above indicated  problems have been solved f o r  t h e  a i r c r a f t  i n  s e t  S. 

When t h e  Nfh a i r c r a f t  appears its t u r n ,  P ,  and prescribed landing time can be 

es tabl ished ( the  delay atP i n  order t o  el iminate c o n f l i c t  on t h e  runway can be 

es tabl ished) .  Knowing t h e  t r a c k  t h e  a i r c r a f t  is f ly ing ,  t h a t  is, the  subse t ,  L39 
S t o  which it belongs, we can compute t h e  prescribed t i m e  and t h e  a l t i t u d e  
P ' 

f b r  t h e  control  po in t s  along t h e  pfh t r a c k  
P P T~ = ( t o ,  .. . , t i ,  . . .', fa] ,  

Since c o n f l i c t  on t h e  runway has been el iminated,  what remains is t o  provide f o r  

conf l ic t - f ree  f l i g h t  along t h e  t rack.  When a i r c r a f t  a r e  making t h e i r  landings 



i n  a spec i f i ed  control  zone, t h e  only t i m e  c o n f l i c t  poss ib le  is when overtaking. 

Overtaking w i l l  occur i f  t h e r e  are a i r c r a f t  of s e t  S landing a f t e r  t h e  Pfh 
Po 

a i r c r a f t .  Let us designate t h e  set of these  a i r c r a f t  a s  S . The overtaking 
P 

sec t ions  can be found by ver i fy ing t h e  inequal i ty  

f o r  each of t h e  control  points  along t r a c k  @ and f o r  each of t h e  a i r c r a f t  of 

set SO. If t h e  inequal i ty  is not  s a t i s f i e d ,  overtaking w i l l  occur on s e c t i o n  
P 

[i, i + 11, and w e  f i n d  t h e  overtaking point  of t h e  a i r c r a f t  with landing sequence 

a by t h e  a i r c r a f t  under consideration. We v e r i f y  t h a t  conf l ic t - f ree  t r a f f i c  w i l l  

e x i s t  a t  each of these  points  

I f  Eq. (8)  is not  s a t i s f i e d ,  c o n f l i c t  a t  t h e  point  is possible.  

The con t ro l l ing  ac t ions  appl icable  during overtaking can be of two types:  

(1)  a  l a t e r a l  maneuver a t  some angle ?t and re tu rn  t o  t h e  f l i g h t  t rack;  and (2 )  

change i n  t h e  overtaking point  a l t i t u d e .  Let us  designate t h i s  s e t  of con t ro l l ing  

ac t ions  by U = ( u  u2\ .  Depending on which of t h e  a i r c r a f t  is control led ,  each 

a p uapl,  type of control  comprises severa l  control l ing  parameters: ui = (ui, u 
i '  i 

i = 1, 2. The supersc r ip t  ind ica tes  which of the  a i r c r a f t  is being control led  

in order t o  do away with t h e  conf l i c t .  

Yet another type of control l ing  ac t ion ,  i n  addi t ion  t o  t h e  above two, can be 

used t o  el iminate c o n f l i c t  a t  t r a c k  i n t e r s e c t i o n  po in t s ,  t h a t  of change i n  a i r  

speed. Let us  designate t h i s  type by u3 = (u:, u Y+l u ' ~ ) ] .  Change i n  
3 ' u 3  ' 3 

a i r  speed is equivalent  t o  changing t h e  time t h e  a i r c r a f t  f l i e s  through t h e  point  

of in te r sec t ion .  Therefore, time delays a t  a  spec i f i ed  point  w i l l  ensure conf l i c t -  

f r e e  movement. Let us  determine these  delays. Let t h e  Nfh a i r c r a f t  f l y  through 

t h e  1fh point  of in te r sec t ion  with sequence y ,  and l e t  t h e  j f h  a i r c r a f t ,  t h e  con- 

f l i c t i n g  a i r c r a f t ,  f l y  through t h i s  same point  with sequence y + 1. 

Confl ict  with some one of t h e  a i r c r a f t  i n  the  set S can occur when t h e  wh /40 
P - 

a i r c r a f t  is control led.  L e t  us combine a l l  p o t e n t i a l l y  conf l i c t ing  a i r c r a f t  

i n t o  a group St , t h a t  contains the  a i r c r a f t  s a t i s f y i n g  t h e  inequal i ty  
P 



Let group S f  contain t h e  
P 

point  I = [ y  - kl,  ..., y 

f y  t h e  inequa l i ty  of Eq. 

a i r c r a f t  with sequence i n  f ly ing  through t h e  1fh 

- 1, 1 , where k is a number t h a t  w i l l  not s a t i s -  
1 

Y ( 9 ) .  The t i m e  delay,  A t  .required t o  e l iminate  con- 

f l i c t  a t  t h e  Zfh point  when t h e  Nfh a i r c r a f t  is t h e  one control led  can be  deter-  

mined a s  

A ~ Y  ='z- tI+l + tY. 

Control is exercised on t h e  sec t ion  preceding t h e  spec i f i ed  point .  But s ince  

t h e  NB a i r c r a f t  can c o n f l i c t  with t h e  group of a i r c r a f t  designated a s  S f  
P' 

t h e  t i m e  delays f o r  t h e  a i r c r a f t  of s e t  S f  required t o  el iminate these  c o n f l i c t s  
P 

can be found a s  follows . .. 

The set of  t i m e  delays f o r  t h e  e n t i r e  set of a i r c r a f t  contained i n  S 
P 

AT, = (0,0,  . . . , 0 ,  - ~t'-", . . . , - AtY, 0, . . . ,0) 
w i l l  f i x  t h e  magnitude of t h e  controlling ac t ion ,  uY The minus s ign  means t h a t  

3 ' 
t h e  delay is ca r r i ed  out by increasing t h e  speed a t  which t h e  a i r c r a f t  f l y  t h e  

preceding sec t ion  of t h e  t rack.  

The following inequal i ty  w i l l  be appl icable  f o r  t h e  a i r c r a f t  i n  a p o t e n t i a l l y  

conf l i c t ing  group when the  ja a i r c r a f t  is control led  

The time delays f o r  t h i s  group of a i rp lanes  have p o s i t i v e  s i g n s ,  corresponding t o  

t h e  reduction i n  t h e  speed a t  which they f l y  over t h e  preceding s e c t i o n  of t h e  

t r ack ,  and they can be found f o r  t h e  y + 1 a i r c r a f t  by Eq. ( l o ) ,  a s  w e l l  a s  f o r  

t h e  remaining a i r c r a f t  of t h e  s e t ,  S f  , a s  follows 
p1 

where i = 0, 1, . . . , il [il is a number t h a t  w i l l  not s a t i s f y  t h e  bnequality of L41 



Eq. (12)l. The set of delays for the whole of group S f  
p1 

AT.+ = (0- -. . , 0 ,  .tyfl, . . . , ~t*l+", 0, . . . , 0) 

Y+l will determine the magnitude of the controlling action u . 
3 

Two variants of the selection of the controlling actions, u(') and u 
(2) 

3 3 
are possible if control is exercised over both conflicting aircraft. In the case 

of u(') the aircraft with sequence y is moved forward by the magnitude 
3 

while the aircraft with sequence y + 1 is moved back by the magnitude Atyt1, where 

and AtY can be found thronghpQ. (10). The rest of the aircraft in the S f  group 
p1 

are moved back, and Eq. (13) provides the time delays for them, with the result 

that the set of delays for u (31) is in the form - -I>. 
ATP = (o* . . . , 0  - A ~ Y I U )  * A ~ Y + I , ( ~ )  , . . . ,  

. . 
(2 When u , the aircraft with lanaing sequence y + 1 will be moved back by the 
3 

magnitude At tyt2; and the ya will be moved forward by the - 1 
magnitude At Yy = AtY - A~Y(~). The aircraft in the S f  set will be moved by 

P 
the magnitudes of the time delays found through Eq. (11). 

Then 

(2) is the set of delays for u . 
3 

Thus, we obtain the following set of controlling actions for eliminating 

the conflict at the overtaking point 

and the following set for eliminating the conflicts at the point where tracks 

intersect 



and the conflict control problem will involve the selection of one of the above- 

indicated controlling parameters best satisfying criteria F and F 
2 3 ' 

An algorithm for selecting the compromise controlling parameter 

Since each type of controlling action consists of several controls, the 

selection of the best of them for each type is the first thing to be done. Two 

criteria are used to make this selection, so this particular problem is one of 

arriving at a complex solution. The algorithm for solving the problem comprises 

the following [31. Let us find the values of the optimality criteria for each of 

the controlling actions of type u i 

F ; = F F I ( U ~ ) ,  R = a , p ,  O L ~ ;  j = 2 , ~  

bet us set the magnitude of the least value of F~ equal to one, and that of 
j 

the greatest value of it equal to zero, or 
B a0 min ( F r ,  F, , P,  } = 1, 

rnax {FY,  F!, P y P }  = 0, j  = 2,3. 

All the other magnitudes of the values for the criteria, given the unit scale 

selected, will equal some proper fraction, and the loss matrix will have the 

form 

where a(k) > b(k) for all k and j, and the zems and ones occupy the positions 
j j 

of minimal and maximal losses, respectively. The objective function in the 

following form can serve as the global criterion in this case 

and the problem of selecting the compromise solution involves finding that u ((k) 

with the highest value in %he linear form of Eq. (17). An analogous algorithm 

can be used when there are four controlling actions within the type. 

Finding the comprom$se controlling action for each of the types in set 



Uo, o r  U w e  s e l e c t  t h e  bes t  one. The algorithm f o r  f inding t h e  bes t  type 
i n t  ' 

of control l ing  ac t ion  t o  el iminate c o n f l i c t  a t  t h e  point  where t r acks  i n t e r s e c t  

is a s  c i t e d  above. The algorithm f o r  f inding t h e  bes t  type t o  e l iminate  c o n f l i c t  - /43 

during overtaking is a s  follows. Let us  introduce a magnitude character iz ing 

t h e  r e l a t i v e  devia t ion f o r  each of t h e  c r i t e r i a  with respect  t o  t h e  optimal value 

f o r  each 

(because t h e  optimal values f o r  t h e  c r i t e r i a  equal zero) ,  where F~~~~ has t h e  
J 

dimensionality of t h e  ja c r i t e r i o n  and t h e  i d e n t i c a l  magnitude f o r  a l l  c r i t e r i a .  

Let us compose a matrix of r e l a t i v e  devia t ions  

i n  which w(ui, F . )  is a number character iz ing t h e  preference of t h e  c r i t e r i a n  F 
J j 

f o r  con t ro l l ing  ac t ion  u a s  compared wi th  t h e  o the r  terms i n  t h e  column. Since 
i ' 

c r i t e r i a  F and F a r e  of equal value,  t h e  compromise control l ing  ac t ion  w i l l  be 
2 3 

the  one f o r  which 

W (u~) = w ([ti, F,) f w (ui, Fs), i = 1, 2 

assumes t h e  l e a s t  value. 

U s e  of t h e  compromise control l ing  parameter found w i l l  change t h e  landing 

time, o r  t h e  time t h e  a i r c r a f t  f l i e s  out of  the  zone, and t h i s  w i l l  r e s u l t  i n  a 

change i n  t h e  time t h e  control  points  are overflown. Violation of t h e  f l i g h t  

plan i n  t h i s  case requires  a recomputation of t h e  prescribed landing time, o r  

t h e  prescr ibed time of departure from t h e  zone. I n  order t o  avoid t h i s ,  it is 

necessary t o  use combination control l ing  ac t ions  (change i n  v e r t i c a l  and hori-  

zontz l  speeds, and change i n  speed over o t h e r  sec t ions  of t h e  t r a c k ) ,  t h a t  is, 

t o  ensure t h e  absolute  minimum with respect  t o  t h e  optimali ty c ~ i t e r i o n ,  . 
F2 

Moreover, it must be pointed out t h a t  con t ro l  w i l l  have t o  begin with t h e  

appearance of t h e  f i r s t  a i r c r a f t  i n  the  con t ro l  zone i n  accordance with the  

above-indicated algorithm. 
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